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Cloning of a yeast 8-oxoguanine DNA glycosylase reveals the
existence of a base-excision DNA-repair protein superfamily
Huw M. Nash*, Steven D. Bruner*, Orlando D. Schärer*, Tomohiko Kawate*,
Theresa A. Addona†, Eric Spooner†, William S. Lane† and Gregory L. Verdine*
Background: Reactive oxygen species, ionizing radiation, and other free radical
generators initiate the conversion of guanine (G) residues in DNA to 8-
oxoguanine (OG), which is highly mutagenic as it preferentially mispairs with
adenine (A) during replication. Bacteria counter this threat with a
multicomponent system that excises the lesion, corrects OG:A mispairs and
cleanses the nucleotide precursor pool of dOGTP. Although biochemical
evidence has suggested the existence of base-excision DNA repair proteins
specific for OG in eukaryotes, little is known about these proteins.
Results: Using substrate-mimetic affinity chromatography followed by a
mechanism-based covalent trapping procedure, we have isolated a base-
excision DNA repair protein from Saccharomyces cerevisiae that processes OG
opposite cytosine (OG:C) but acts only weakly on OG:A. A search of the yeast
genome database using peptide sequences from the protein identified a gene,
OGG1, encoding a predicted 43 kDa (376 amino acid) protein, identical to one
identified independently by complementation cloning. Ogg1 has OG:C-specific
base-excision DNA repair activity and also intrinsic b-lyase activity, which
proceeds through a Schiff base intermediate. Targeted disruption of the OGG1
gene in yeast revealed a second OG glycosylase/lyase protein, tentatively named
Ogg2, which differs from Ogg1 in that it preferentially acts on OG:G.
Conclusions: S. cerevisiae has two OG-specific glycosylase/lyases, which differ
significantly in their preference for the base opposite the lesion. We suggest that
one of these, Ogg1, is closely related in overall three-dimensional structure to
Escherichia coli endonuclease III (endo III), a glycosylase/lyase that acts on
fragmented and oxidatively damaged pyrimidines. We have recently shown that
AlkA, a monofunctional DNA glycosylase that acts on alkylated bases, is
structurally homologous to endo III. We have now identified a shared active site
motif amongst these three proteins. Using this motif as a protein database
searching tool, we find that it is present in a number of other base-excision DNA
repair proteins that process diverse lesions. Thus, we propose the existence of a
DNA glycosylase superfamily, members of which possess a common fold yet act
upon remarkably diverse lesions, ranging from UV photoadducts to mismatches
to alkylated or oxidized bases.
Introduction
The mitochondria of aerobic organisms produce energy by
catalyzing the stepwise four-electron reduction of molecu-
lar oxygen to water. In the process are generated partially
reduced intermediates such as superoxide (–•O2), hydrogen
peroxide (H2O2) and hydroxyl radical (•OH), potent oxi-
dizing agents that are collectively known as reactive
oxygen species (ROS). A small but finite number of ROS
escape the mitochondrial redox chain, diffuse out into
solution and attack other cellular components. External
sources of ROS such as ionizing radiation, near-ultraviolet
(UV) light, redox-active drugs and sensitizer dyes can also
contribute dramatically to the overall oxidative burden of
the cell. A principal target of ROS is the genome, in par-
ticular the electron-rich bases of DNA, which undergo oxi-
dation to produce a host of genotoxic lesions [1].
ROS-induced DNA damage has been implicated in a
broad range of pathophysiological processes, most notably
cancer and aging [2]. Because of this etiologic connection
to diseases affecting the entire human population, there
has arisen great interest in the chemistry and biology of
oxidative DNA damage, especially in the intracellular
mechanisms that counter the deleterious effects of ROS. 
A major pathway of ROS-induced DNA damage involves
attack on the 8-position of guanine (G) to produce
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8-oxoguanine (OG; Fig. 1) [3], along with lesser amounts of
a ring-opened product 2,6-diamino-4-hydroxy-5-formami-
dopyrimidine (FaPy) [4]. OG is incorporated into the
genome through two routes: attack of ROS on G residues
in DNA, or oxidation of dGTP to dOGTP, which is then
used as a substrate by DNA polymerases. Regardless of
the route of incorporation, OG residues mispair with
adenine (A) during DNA replication, thereby giving rise to
guanine:cytosine (G:C) to thymine:adenine (T:A) trans-
version mutations [5,6]. This propensity toward mispair-
ing, together with the large number of OG residues being
produced in the genome per cell generation [1,2], make
OG one of the most significant endogenous mutagens. OG
has been implicated in spontaneous mutational events
responsible for carcinogenesis, and is also believed to play
a role in the process of aging [2]. Thus, there has arisen
significant interest in understanding the systems that
protect cells from the deleterious effects of OG and other
genotoxic by-products of oxidative metabolism. 
In Escherichia coli, the incorporation and accumulation of OG
in the genome is countered through the coordinate action
of three enzymes: MutM, MutY and MutT. Together,
these three enzymes constitute what has been termed the
GO system [7,8]. MutM (also known as Fpg) is a DNA gly-
cosylase/lyase that first hydrolyzes the glycosidic bond of
the OG residue, then further processes the resulting abasic
site by cleaving the phosphodiester bonds 5′ and 3′ to it
(Fig. 1) [9–11]. The nicked strand is then repaired and the
original G residue restored through the combined action of
DNA polymerase I and DNA ligase [1]. MutM exhibits a
high degree of selectivity for the base on the complemen-
tary strand opposite the OG residue, with pyrimidines being
preferred over purines; OG:A is an especially poor substrate
[9,10]. By failing to act on the product of OG mispairing,
MutM avoids accidental repair of OG:A to T:A, which
would cause a G:C to T:A transversion mutation. Correc-
tion of the OG:A mispair is effected by MutY, a monofunc-
tional DNA glycosylase that cleaves the misincorporated A
residue [12]. Presumably, excision/replacement DNA syn-
thesis of the abasic site left by MutY regenerates OG:C,
which is then reverted to G:C by the MutM pathway [7,8].
The third component of the GO system, MutT, sanitizes
the nucleotide precursor pool of dOGTP by hydrolyzing it
to dOGMP and pyrophosphate [13].
Recent studies have led to the development of a mecha-
nistic scheme that unifies the glycosylase and lyase activi-
ties of DNA glycosylase/lyases [14–16], including MutM.
In this mechanism, the aberrant base of OG is expelled
from its attached sugar moiety by attack of an amine
nucleophile on the glycosidic bond ([16,17]; H.M.N., J.
Tong and G.L.V, unpublished results). The covalently
linked enzyme–DNA complex thus formed (Fig. 2, 2)
rearranges to a Schiff base, 3, which then undergoes suc-
cessive rounds of b- and d-elimination, resulting in degra-
dation of the sugar and cleavage of its connections to the
DNA backbone. The amine nucleophile of MutM
(Enz-NHR in Fig. 2) appears to be its amino-terminal Pro
residue ([17]; H.M.N., J. Tong and G.L.V., unpublished
results), part of the PELPEVET octet found in all MutM
enzyme sequences to date [18]. Importantly, the Schiff
base intermediate 3 can be intercepted by borohydride,
thereby resulting in the formation of an irreversibly cross-
linked enzyme–DNA complex 10 ([14–17]; H.M.N., J.
Tong and G.L.V., unpublished results). Because all DNA
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glycosylase/lyases, even those having completely dissimilar
structures, appear to proceed through a Schiff base inter-
mediate like 3 [14–17,19,20], and the formation of a boro-
hydride-susceptible species is strictly dependent upon the
catalytic machinery of the enzyme, borohydride-depen-
dent enzyme–DNA cross-linking assays (hereafter referred
to as trapping assays) represent a definitive test for
catalytic processing of a substrate by a DNA glycosylase/
lyase. Furthermore, this trapping assay has been shown to
distinguish mechanistically between monofunctional
DNA glycosylases and glycosylase/lyases, because the
former do not proceed through a Schiff base intermediate
and hence do not cross-link DNA in the presence of sub-
strate DNA and borohydride ([16]; H.M.N and G.L.V.,
unpublished results).
We initiated the present study in response to the lack of
information available on OG repair proteins from higher
organisms. Although no eukaryotic organism has yet 
been shown to possess the entire GO system, individual
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(a) Unified mechanism for the glycosylase and lyase activities of E. coli
MutM (adapted from [15]). GO refers to 8-oxoguanine, Enz denotes the
enzyme, and B refers to a basic residue on the enzyme. Attack of an amine
nucleophile (Enz-NHR) of the enzyme on the glycosidic bond of 1 expels
the base and forms the covalently linked enzyme-substrate aminal
intermediate 2. Facile rearrangement of 2 generates the Schiff base 3,
which bears an acidified 2¢-H. Enzyme-assisted abstraction of the 2¢-H
yields the enamine 4, which then undergoes conjugate elimination to
cleave the 3¢-C—O bond, thereby breaking the DNA backbone on the 3¢-
side of the original lesion. The a,b-unsaturated imine thus generated, 5,
partitions between two subsequent reaction pathways: hydrolysis to
liberate the free enzyme and the a-b-unsaturated aldehyde, 6, (or a
hydrated form thereof); or d-elimination to cleave the 5¢-C-O bond,
facilitated by enzyme-mediated abstraction of the 4¢-H. The product of
d-elimination, 7, undergoes hydrolysis, releasing the enzyme and the
carbohydrate portion of the original 8-oxo-dG residue as a free C5-unit.
Borohydride [15–17] can intercept the imine intermediate 3, resulting in
the formation of an irreversible enzyme–DNA cross-link 10. This
borohydride-trapping reaction can therefore be used as a definitive
mechanistic probe for the formation of imine intermediates such as 3
during base-excision DNA repair. Ogg1 appears to follow the route 5 → 6
rather than 5 → 7. (b) Structures of abasic site analogs used in this study.
components of the system have been described or puta-
tively identified in eukaryotic cell extracts. For example,
human [21], mouse [22] and rat [23] homologs of MutT
have been isolated and cloned. A protein that exhibits
strong functional homology to MutY and cross-reacts
with antibodies to the bacterial protein has been identi-
fied in human (HeLa) and bovine cells [24]. HeLa cells
have been reported to possess two distinct OG repair
activities: a OG-specific endonuclease and a OG glycosy-
lase apparently lacking in lyase activity [25]. It is possi-
ble, however, that the latter activity may be identical to
3-methyladenine DNA glycosylase, as the mouse
homolog of this enzyme possesses a modest OG glycosy-
lase activity and even complements MutM activity in a
MutM-deficient E. coli strain [26]. A 40 kDa OG-specific
DNA-nicking activity has been detected and partially
purified from cell extracts of Saccharomyces cerevisiae.
Unlike MutM, this yeast activity acts preferentially upon
OG opposite G, possesses relatively poor activity on OG
opposite C and has not been definitely characterized as a
glycosylase/lyase [27]. While this manuscript was in
preparation, Boiteux and co-workers reported the cloning
by complementation in mutM–mutY– E. coli of a S. cere-
visiae gene named OGG1, which encodes a glycosylase/
lyase that acts on OG:C [28].
Here, we report the use of borohydride-dependent trap-
ping assays to identify OG-specific repair proteins in S.
cerevisiae, to determine their specificity for the base oppo-
site OG and to isolate them in homogeneous form. In addi-
tion to Ogg1, isolated independently in this study, we find
evidence for a second OG glycosylase/lyase having a dis-
tinct and unusual preference for OG:G. We report the
identification of an active site motif in Ogg1 that is
common to several other monofunctional and bifunctional
DNA glycosylases, suggesting the existence of a super-
family of base-excision DNA repair proteins.
Results
As a definitive test for the presence of OG glycosylase/lyases
in S. cerevisiae, we employed borohydride trapping assays
using a 32P end-labeled 25-mer DNA substrate containing a
single, centrally located OG:C lesion (bold denotes the end-
labeled strand). Two major borohydride-crosslinked
protein–DNA complexes, having apparent molecular
weights of ~55 and ~50 kDa, were detected (Fig. 3, lane 5:
complexes 1 and 2, respectively). Analogous trapping
experiments carried out with purified E. coli MutM showed
that the 25-mer contributed ~13 kDa to the apparent mole-
cular weight of the trapped complex on SDS-polyacry-
lamide gel electrophoresis (PAGE) gels (see below).
Taking this into account, we estimated the protein compo-
nents of complexes 1 and 2 to have molecular weights of
~42 and ~37 kDa, respectively. 
The substrate specificity of the enzymes in complexes 1
and 2 was examined by carrying out the trapping assay in
the presence of a 100-fold molar excess of unlabeled com-
petitor oligonucleotides (Fig. 3, lanes 1–4). Formation of
trapped complex 1 was substantially diminished in the
presence of a OG:C competitor, whereas only a slight
effect on complex 2 was observed (Fig. 3, lane 3). By con-
trast, the OG:G competitor abolished complex 2 but had
little effect on complex 1. As an additional probe of speci-
ficity, we used a competitor oligonucleotide containing
the reduced abasic site (rAB), an inhibitor that binds E.
coli MutM with sub-nanomolar affinity [29]. The rAB-con-
taining competitor DNA abrogated the formation of
complex 1, but diminished complex 2 somewhat less
strongly. Together, these pronounced differences in sus-
ceptibility to competition suggest that the two OG glyco-
sylase/lyases in yeast cell extracts are different proteins,
rather than variant forms of the same protein.
The ability of rAB-containing DNA to inhibit the forma-
tion of the complex 1 protein in competition trapping
assays suggested the possibility of purifying the protein by
rAB-oligonucleotide affinity chromatography. To explore
this possibility further, we first enriched the yeast extracts
in the complex 1 protein by S-Sepharose chromatography,
with the presence of the protein in eluted fractions being
monitored by the trapping assay. An extensive series of
electrophoretic mobility shift assays (EMSA) were then
carried out to determine those conditions under which the
complex 1 protein bound most strongly and selectively to a
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Figure 3
S. cerevisiae possesses two distinct oG-specific DNA glycosylase/lyase
activities, one of which is specific for oG:C base pairs, and the other of
which is specific for oG:G base pairs. Reaction of whole yeast cell extract
with a radiolabeled oG:C duplex in the presence of borohydride yields two
covalently-linked (trapped) protein–DNA complexes, 1 and 2. Competition
reactions were performed with a 100-fold molar excess of non-
radiolabeled DNA duplexes (see Materials and methods). Molecular
weight markers were labeled with 14C.
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rAB containing duplex (data not shown). The nature of the
competitor DNA was found to be especially important:
using salmon sperm DNA, we were unable to find condi-
tions that allowed quantitative binding of the complex 1
protein to the rAB but displaced non-specifically bound
proteins, probably because salmon sperm DNA contains
high levels of OG:C introduced by ex vivo exposure to
oxygen. Consistent with this notion, freshly isolated
plasmid DNA efficiently out-competed non-specifically
bound proteins at concentrations well below that at which
it out-competed the complex 1 protein. Using these opti-
mized conditions, the S-Sepharose enriched fractions were
loaded on a high-capacity rAB affinity column, after which
the column was eluted with a salt (KCl) gradient. As deter-
mined by analytical trapping assays, the complex 1 protein
eluted in fractions above 750 mM KCl.
SDS-PAGE analysis of the pooled, affinity-purified frac-
tions revealed the presence of roughly 8 distinguishable
polypeptides (Fig. 4, lane 1), three of which — a
~40 kDa, a ~43 kDa and a ~47 kDa species — were in
the size range expected of the complex 1 protein. Multi-
ple peptides from the ~40 and ~43 kDa bands were
sequenced by microcapillary high-performance liquid
chromatography (HPLC) coupled to a triple quadrupole
mass spectrometer. When used as the basis for BLAST
searching [30] of the non-redundant Genbank CDS data-
base at the National Center for Biotechnology Informa-
tion, these sequences identified the ~40 kDa
polypeptide as yeast AP endonuclease I (Apn1) [31], and
identified the ~43 kDa polypeptide as the product of the
hypothetical open reading frame YM9958.02 located on
S. cerevisiae chromosome XIII (Fig. 5); no sequence infor-
mation was obtained for the ~47 kDa polypeptide. To
determine unambiguously which of the bands corre-
sponded to the complex 1 protein, we incubated the
affinity-purified fractions with a OG:C 25-mer in the
presence of borohydride and analyzed the products by
SDS-PAGE (Fig. 4, lane 2). Borohydride trapping
resulted in the complete disappearance of the ~43 kDa
protein band and its replacement by a new band at
~55 kDa (Fig. 4, compare lane 2 with 1). When a radiola-
beled OG:C substrate was used in the trapping assays,
only the newly formed ~55 kDa band was found to
contain significant levels of radioactivity, indicating that it
contains covalently crosslinked DNA. Peptide sequences
obtained by tandem mass spectrometry from both the
uncomplexed ~43 kDa band and the ~55 kDa crosslinked
protein–DNA complex band matched with the
YM9958.02 polypeptide sequence (Fig. 5). We therefore
conclude that the 43 kDa product of the YM9958.02 ORF
is the complex 1 protein, the yeast OG:C glycosylase/lyase.
Figure 4
Identification of a 43 kDa protein as the yeast oG:C DNA
glycosylase/lyase. Borohydride trapping of polypeptides obtained from
rAB DNA affinity chromatography resulted in the formation of a new
55 kDa protein–DNA complex and the concomitant disappearance of a
43 kDa protein, as visualized by SDS-PAGE and silver staining. A
repeat experiment on an ~1 pmol scale allowed the sequence
determination, by tandem mass spectrometry, of peptides from both the
43 kDa protein band and the 55 kDa complex band. Peptides from both
bands matched with the predicted amino-acid sequence of the 43 kDa
hypothetical yeast protein YM9958.02, which is identical to Ogg1 [28].
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Figure 5
Amino-acid sequence of the Ogg1 protein,
with peptide sequences obtained by tandem
mass spectrometry denoted.  Mass
spectrometric sequencing was performed on
peptides generated by in-gel lysyl
endopeptidase digestion of coomassie R-
250-stained polypeptide bands from SDS
gels. The underlined sequences were
obtained from the 43 kDa free protein band,
and the sequences in bold were obtained
from the 55 kDa borohydride-trapped
protein–DNA complex band (refer to Fig. 4).
MSYKFGKLAI NKSELCLANV LQAGQSFRWI WDEKLNQYST TMKIGQQEKY SVVILRQDEE (60)
NEILEFVAVG DCGNQDALKT HLMKYFRLDV SLKHLFDNVW IPSDKAFAKL SPQGIRILAQ (120)
EPWETLISFI CSSNNNISRI TRMCNSLCSN FGNLITTIDG VAYHSFPTSE ELTSRATEAK (180)
LRELGFGYRA KYIIETARKL VNDKAEANIT SDTTYLQSIC KDAQYEDVRE HLMSYNGVGP (240)
KVADCVCLMG LHMDGIVPVD VHVSRIAKRD YQISANKNHL KELRTKYNAL PISRKKINLE (300)
LDHIRLMLFK KWGSYAGWAQ GVLFSKEIGG TSGSTTTGTI KKRKWDMIKE TEAIVTKQMK (360)
LKVELSDLHI KEAKID                                                 (376)
This gene is identical to OGG1 (for 8-oxoguanine-DNA
glycosylase), which was cloned independently through
genetic complementation [28]. 
In order to characterize the putative yeast OG:C-specific
DNA glycosylase/lyase biochemically, we overproduced
Ogg1 in E. coli and purified it to near homogeneity. Par-
allel trapping assays using an OG:C substrate were carried
out to compare the mobilities of the crosslinked com-
plexes formed with whole-cell yeast extract, E. coli
MutM, and the recombinant Ogg1 protein (Fig. 6a). The
mobility of the trapped complex formed using purified
recombinant Ogg1 corresponded exactly to that of
complex 1 from yeast cell extracts (Fig. 6a, compare
lanes 1 and 3), thus lending further support to the notion
that Ogg1 is identical to the yeast complex 1 protein.
Furthermore, the trapped Ogg1 and MutM complexes
were distinctly different, clearly indicating that the trap-
ping activity in the recombinant Ogg1 did not arise
through contamination with the endogenous E. coli
MutM glycosylase/lyase.
The substrate specificity of Ogg1 was next examined by
competition trapping assays using an OG:C substrate
against a panel of native and modified oligonucleotides
(Fig. 6b). Just as with the complex 1 protein from whole
yeast cell extracts, the trapping of recombinant Ogg1 was
highly susceptible to competition by oligonucleotides con-
taining OG:C and the rAB site, but not by G:C (compare
Figs 3 and 6b). Competitor oligonucleotides containing
the alternative oxopurine lesion 8-oxoadenine or the alky-
lated adduct 1,N6-ethenoadenine (eA), had little or no
ability to compete against Ogg1 trapping with OG:C.
Whereas the reduced abasic site gave virtually complete
competition at 100-fold molar excess, the same amount of
the alternative pyrrolidine (Pyr) [32] and tetrahydrofuran
(THF) [33] abasic site analogs reduced the trapping effi-
ciency by approximately 50 %.
To determine the preference of Ogg1 for the base oppo-
site the lesion, we carried out trapping assays with a panel
of four end-labeled oligonucleotides differing in the base
opposite OG (OG:N) (Fig. 6c). The most efficient
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Figure 6
(a) The borohydride-trapped protein–DNA
complex obtained with recombinant Ogg1
possesses an apparent mobility on SDS-
PAGE identical to that of the oG:C-specific
complex 1 obtained from whole yeast cell
extract, and distinct from that of complex 2 or
the trapped MutM–DNA complex. (b) Ogg1
possesses a high degree of specificity for
oG:C as a substrate. Borohydride trapping of
recombinant Ogg1 with radiolabeled oG:C
DNA in the presence of a 100-fold molar
excess of the eight indicated DNA duplexes
shows that oG:C and the reduced abasic site
(rAB) DNA duplexes are the most specific
competitors of Ogg1, while DNA duplexes
containing oG:A, oA:T or 1,N6εdA:T base pairs
are poor specific competitors of Ogg1. Of the
abasic site analogs, the rAB site competes
more effectively than either the THF or Pyr
(see Fig. 2b for structures). (c) The relative
oG:N substrate preference of Ogg1, as
determined by trapping efficiencies, is: oG:C
> oG:T >> oG:G > oG:A. Phosphorimage
quantitation of the trapping efficiencies is
shown in the histogram below each lane. (d)
Ogg1 preferentially cleaves oG paired
opposite C and T by a b-elimination
mechanism. The relative substrate preference
of Ogg1, as determined by cleavage
efficiencies, is the same as that obtained by
trapping analysis: oG:C > oG:T >> oG:G >
oG:A.
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borohydride-dependent crosslinking of Ogg1 to DNA was
observed with OG:C, but OG:T was also well-accepted as a
substrate. By contrast, neither OG:A nor OG:G were
processed to any significant extent by the enzyme. To
confirm that the trapping assay accurately reflects the dif-
ferential rate of substrate processing by Ogg1, we sub-
jected the same panel of four OG:N substrates to
Ogg1-catalyzed DNA strand scission assays (Fig. 6d).
Indeed, a very similar trend was observed, with the rank
order of cleavage efficiency being OG:C > OG:T >> OG:G
> OG:A. These strand scission data are fully in accord with
those of van der Kemp et al. [28]. Interestingly, the sub-
strate preferences of Ogg1 in direct trapping, competition
trapping and strand scission assays are remarkably similar
to those of MutM ([9,10]; H.M.N., J. Tong and G.L.V.,
unpublished results), despite the fact that the yeast and E.
coli proteins lack any apparent sequence similarity.
To address the issue of whether the two OG
glycosylase/lyases that give rise to trapped complexes 1 and
2 might both originate from the OGG1 gene, we used
homologous recombination to target the disruption of
OGG1 in S. cerevisiae. Clones bearing an insertion of the
HIS3 phenotypic marker into OGG1 were selected by poly-
merase chain reaction (PCR) analysis of yeast genomic
DNA followed by restriction mapping. The OG:N-specific
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Figure 7
(a) Trapping analysis of wild-type and OGG1-
knockout yeast total protein extracts confirms
that the protein component of complex 1 is
Ogg1. Note the presence of the complex 1
band in the oG:C lane of the wild-type yeast,
but its absence in the corresponding lane of
the OGG1-knockout strain. The presence of
Ogg2 trapping activity in the OGG1-knockout
strain demonstrates that Ogg2 is encoded on
a distinct gene. Quantitative phosphorimage
analysis, the results of which are presented in
the histograms, show that the majority of the
OG:C-specific glycosylase/lyase activity in the
wild-type strain is due to Ogg1, and that
Ogg2 prefers to trap OG opposite purines.
The relative weakness of the oG:T band in
trapping assays of the wild-type extracts, as
compared with the strong oG:T trapping
observed with purified recombinant Ogg1,
may be due to the competitive binding of
mismatch repair protein(s) to this lesion. Total
protein concentrations were normalized
between the wild-type and knockout yeast
extracts by Bradford quantitation. (b) DNA
cleavage analysis of wild-type and OGG1-
knockout yeast total protein extracts indicates
that Ogg1 is a principal enzyme responsible
for the excision of the premutagenic oG:C
lesion in S. cerevisiae. The cleavage of oG:C
by OGG1-knockout extracts is reduced ~2-
fold relative to wild-type. Total protein
concentrations were normalized between the
wild-type and knockout yeast extracts by
Bradford quantitation. 
 Ogg1  oG:A   oG:C   oG:G   oG:T   oG:A   oG:C   oG:G    oG:T
Wild-type                       OGG1-knockout
Complex 1
Complex 2
Free DNA
Trapped
oG:A   oG:C    oG:G   oG:T   oG:A   oG:C    oG:G   oG:T
0
10
20
30
40
50
%
(a)
oG:C           oG :A   oG :C   oG:G   oG:T           oG :A   oG:C   oG:G   oG:T
Cell extract :    –                   Wild-type                           OGG1-knockout
Uncut DNA
Cleaved DNA
Cleaved
oG:C           oG:A   o G:C   oG:G   oG:T           oG:A   oG:C   oG:G   oG :T
0
10
20
30
40
50
60
70
%
(b)
Research Paper  Yeast 8-oxoguanine DNA glycosylase Nash et al. 975
glycosylase/lyases present in whole cell extracts of wild-
type and OGG1-knockout yeast strains were then com-
pared using trapping assays (Fig. 7a). Immediately
apparent in these trapping assays was the complete
absence of a band corresponding to complex 1 in the
knockout strain (compare the two OG:C lanes in Fig. 7a).
These data establish conclusively that the complex 2
protein, which we tentatively designate as Ogg2, is
encoded by a gene other than OGG1. Whereas the overall
OG-specific trapping activity of wild-type yeast cells
reflects the contributions of both Ogg1 and Ogg2, that of
the OGG1-knockout strain reflects only the contribution of
Ogg2. Thus, although we have not yet isolated Ogg2 in
homogeneous form, we can deduce its substrate specificity
from the trapping profile of the OGG1-knockout yeast
extracts. As shown in Figure 7a, Ogg2 traps OG:G most
efficiently, then OG:A, followed by OG:T ≈ OG:C. Thus,
the substrate specificity of Ogg2 is almost opposite to that
of Ogg1. To assay the effect of knocking out OGG1 on the
overall OG repair competence of yeast cell extracts, we
carried out OG glycosylase/lyase-catalyzed strand scission
assays (Fig. 7b). Whereas the wild-type strain catalyzes
base-excision repair of OG:C sites with greater efficiency
than any of the other three OG:N sites, the OGG1-knockout
strain appears to repair all four OG:N sites with roughly
similar efficiency. Interestingly, the relative trapping effi-
ciency among OG:N sites does not directly correlate with
the relative rates of strand scission in the OGG1-knockout
strain. This finding may suggest the existence of alterna-
tive pathways for OG repair in yeast that lead to strand scis-
sion but do not involve glycosylase/lyases [25].
Discussion
The borohydride trapping assay as a screen for OG-specific
DNA glycosylase/lyases in S. cerevisiae
In this study, we have used the borohydride trapping
assay [14,16] to analyze the number, size and specificity of
OG-specific glycosylase/lyases present in the budding
yeast S. cerevisiae. This assay has several unique features
that make it especially attractive for use in identifying gly-
cosylase/lyases present in crude cell extracts. Perhaps
most importantly, the assay detects a Schiff base interme-
diate in which the enzyme is bonded to its substrate. The
kinetic barrier to displacement of a base such as OG by an
amine nucleophile, the step that immediately precedes
Schiff base formation, is sufficiently high that both
processes are absolutely dependent upon catalysis by the
protein. Thus, the ability of a glycosylase/lyase to trap a
particular substrate provides conclusive evidence that the
enzyme is capable of processing that substrate. As the rate
of borohydride trapping correlates well with the rate of
DNA strand scission, comparisons of trapping efficiency
for various substrates are essentially equivalent to compar-
isons of DNA cleavage efficiency (this study, compare
Fig. 6c,d; H.M.N. and J. Tong, unpublished results). Fur-
thermore, the assay discriminates on a strict mechanistic
basis between DNA glycosylase/lyases and monofunc-
tional glycosylases [16].
On a more practical note, the covalent trapping of a protein
to its substrate results in a significant increase in the size of
a protein on an SDS-PAGE gel, which can be of use in
identifying the number and size of DNA glycosylase/lyase
specific for a particular lesion in crude cell extracts, and in
assigning bands on an SDS-PAGE gel to the glycosylase/
lyase of interest. Just as we have used the trapping assay to
characterize OG-specific glycosylase/lyases from yeast, it has
also been used to identify and partially sequence a putative
endonuclease III homolog from human cells [20].
Our results reveal the existence of two OG-specific DNA
glycosylase/lyases in S. cerevisiae, each having a distinct and
characteristic substrate specificity. One of these is identical
to the product of the OGG1 gene, which was recently
cloned by virtue of its ability to correct the ROS-depen-
dent mutator phenotype of an E. coli strain harboring dys-
functional mutM and mutY genes [28]. Here, we have
isolated the Ogg1 protein directly on the basis of its bio-
chemical activity. Namely, we have shown that Ogg1, like
its bacterial counterpart MutM, binds tightly to the rAB
lesion in DNA [29] and undergoes highly efficient, irre-
versible cross-linking to OG-containing oligonucleotides in
the presence of borohydride ([16,17]; H.M.N. and J. Tong,
G.L.V., unpublished results). The results of borohydride
trapping assays (present work) and DNA strand scission
assays (Fig. 6 and [28]) provide complementary and com-
pelling lines of evidence that the primary function of Ogg1
is to repair OG:C, a premutagenic lesion that arises through
the oxidation of G residues in DNA. Indeed, the substrate
specificity of Ogg1 in both trapping and scission assays is
remarkably similar to that of MutM, insofar as both
enzymes prefer OG opposite pyrimidines and process OG
opposite A least efficiently [9,10]. Considering that MutM
and Ogg1 exhibit no statistically significant sequence simi-
larity, the close similarities in their biochemical activities
are remarkable. There are, however, several discernible
differences between MutM and Ogg1. Parallel trapping
and strand scission assays comparing the two enzymes
revealed that the yeast protein possesses somewhat greater
selectivity for pyrimidines over purines (H.M.N., J. Tong,
and G.L.V. unpublished results), and that Ogg1 lacks the
robust d-elimination activity of MutM (Fig. 6d) [28].
In addition to Ogg1, borohydride trapping assays demon-
strate the existence of a second OG-specific
glycosylase/lyase in S. cerevisiae. This second enzyme, a
~37 kDa protein tentatively designated Ogg2, can be
clearly detected in the cell extracts of yeast bearing a tar-
geted disruption of the OGG1 gene. Thus, we conclude
that Ogg2 is the product of a unique gene, OGG2.
Through BLAST searching [30] of the S. cerevisiae data-
base, we have identified what appear to be several distant
relatives of OGG1, one of which may turn out to be OGG2
(data not shown). Remarkably, the substrate specificity of
the two enzymes are almost opposite: whereas Ogg1 is
specific for OG opposite pyrimidines, Ogg2 prefers OG
opposite purines. Ogg2 may therefore correspond to an
OG:G-specific excision repair activity detected previously
in yeast cell extracts [27]. 
From a biologic standpoint, the substrate specificity of
Ogg2 is perplexing. Erroneous pairing by OG during repli-
cation results in the formation of the OG:A mispair, a pre-
mutagenic lesion. Processing of OG:A by Ogg2 should
irreversibly commit the lesion to a mutational pathway
resulting in its eventual conversion to T:A. To avoid such
error-prone repair, bacteria contain a single OG-specific gly-
cosylase/lyase, which processes OG:A only very poorly; its
yeast counterpart, Ogg1, exhibits an even more pro-
nounced aversion to OG:A. Only through the isolation,
cloning and targeted disruption of Ogg2 will its potential
role in oxidative mutagenesis become more clearly defined.
A synthetic inhibitor of an OG repair protein provides the
basis for its affinity purification
To our knowledge, this report is the first in which lesion-
specific oligonucleotide affinity chromatography has been
used for the purification of a DNA repair protein. In the
past, affinity chromatography has generally been consid-
ered unsuitable for the isolation of catalytic DNA-binding
proteins, because the enzyme would ordinarily process its
resin-bound DNA substrate and then dissociate from the
matrix. As a catalyst, relatively few molecules of the
enzyme would be capable of inactivating many sites on the
affinity column, thereby leading to its rapid destruction. To
overcome this problem, we took advantage of the fact that
certain DNA lesions have been found to bind glycosylase/
lyases tightly, yet fail to undergo processing. The prototype
of such pseudosubstrate lesions is the rAB site (Fig. 2b),
which had been demonstrated to bind MutM with sub-
nanomolar affinity [29]. We found that Ogg1 also forms a
robust complex with rAB-containing DNA, such that the
protein elutes from an rAB affinity column at salt concen-
trations above 750 mM. This enabled the purification of
Ogg1 by a single affinity chromatography run to an identifi-
able band on an SDS-PAGE gel (Fig. 4). Because the rAB
site bears no base moiety to make it specific for a particular
excision repair protein, the rAB column represents a
generic affinity matrix for the purification of proteins that
bind DNA lesions similar to the rAB site. Consistent with
this notion, the most abundant protein that we isolated
along with Ogg1 is Apn1, the yeast AP endonuclease [31]. 
We have recently described another potentially generic
inhibitor of DNA glycosylases and glycosylase/lyases, the
pyrrolidine abasic site (Pyr; Fig. 2b) [32]. Some base-exci-
sion repair proteins, such as 3-methyladenine DNA glyco-
sylases from E. coli [32] and human cells (O.D.S. and
G.L.V., unpublished results), bind the Pyr site with pico-
molar affinity yet have little or no specific affinity for the
rAB site; thus, the rAB and Pyr inhibitors should prove
complementary rather than redundant in purifying various
repair proteins from whole cell extracts. Recently
described glycosylase inhibitors possessing a base moiety
([34]; O.D.S., T.K., P. Gallinari, J. Jiricny and G.L.V.,
unpublished results) may permit the purification of indi-
vidual glycosylases from crude extracts based solely on the
knowledge of their substrate specificity.
A superfamily of base-excision DNA repair proteins.
Initial BLAST searches using the predicted amino acid
sequence of Ogg1 failed to identify significant similarity to
any known protein (this study and [28]). However, proteins
that bear little similarity in primary sequence can possess
very similar three-dimensional structures. Moreover,
routine sequence-searching algorithms often fail to detect
structural or functional motifs comprising just a few key
residues embedded within an otherwise dissimilar
sequence. One recently discovered example of such cryptic
homology concerns the base-excision DNA repair proteins
endo III and 3-methyladenine DNA glycosylase II (AlkA)
[35]. The two proteins possess a remarkably similar fold,
despite the fact that endo III is a glycosylase/lyase specific
for oxidized and fragmented pyrimidines and AlkA is a
monofunctional glycosylase that acts upon alkylated bases.
However, AlkA lacks a short insert and carboxy-terminal
extension that together form a structural [4Fe-4S] cluster in
endo III. Despite their overall lack of sequence similarity, a
limited region of the AlkA and endo III sequences can be
aligned reasonably well (Fig. 8). This region, part of which
forms a so-called helix-hairpin-helix (HhH) motif, was first
identified as the binding site for thymine glycol in crystals
of endo III [36], and has since been noted in a number of
other DNA-binding proteins, including several that carry
out base-excision DNA repair [37]. 
Recent studies have provided compelling evidence that
the HhH motif, together with a Pro/Gly-rich stretch
carboxy-terminal to it (HhH-GPD motif), comprise the
active site of both endo III [37] and AlkA [35]. Especially
critical is an Asp residue (bold red in Fig. 8) that we find
is absolutely conserved among all base-excision DNA
repair enzymes that possess the HhH-GPD motif. Muta-
tion of this residue leads to a 100-fold decrease in the cat-
alytic activity of endo III [37], and at least as great a
decrease in AlkA. It has also been observed that mutation
of the conserved Asp to Asn alters the specificity of AlkA
for the Pyr and THF abasic site analogs, suggesting that
this residue lies near the sugar moiety of the target lesion.
These facts have led to a mechanistic proposal in which
the conserved Asp residue activates the nucleophile that
attacks at C-1′, either water in the case of monofunctional
glycosylases or a lysine e-amine group in the case of gly-
cosylase/lyases [35]. The Lys residue that serves as the
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catalytic nucleophile of endo III has been tentatively
assigned as K120, which lies within the HhH motif. As
shown in Figure 8, the residue corresponding to K120 of
endo III is conserved in all known endo III homologs pos-
sessing glycosylase/lyase activity, including the Micrococcus
luteus UV endonuclease [38]. Furthermore, none of the
monofunctional glycosylases that contains the HhH-GPD
motif possesses a Lys residue at this position, consistent
with their mechanism (see above). Thus the presence or
absence of Lys at this position (bold in Fig. 8) is predictive
of the presence or absence, respectively, of an associated
lyase activity in HhH-GPD enzymes. We further propose
that the HhH-GPD motif is a signature for a conserved
overall fold in a class of base-excision DNA repair pro-
teins, of which endo III and AlkA represent prototypical
structures. 
As seen in Figure 8, Ogg1 bears all the hallmarks of the
HhH-GPD motif, including the conserved Asp at posi-
tion 260. A mutant of Ogg1 having Asp 260 changed to
Asn (D260N) suffers a ~500-fold decrease in OG trapping
efficiency, but retains wild-type affinity for rAB-contain-
ing DNA (H.M.N. and G.L.V., unpublished results). We
also note the presence of a Lys residue, K241, at the
position corresponding to K120 of endo III, consistent
with the observation that Ogg1 is a glycosylase/lyase.
Mutation of K241 to Gln (K241Q) abolishes all
detectable trapping activity, but does not affect binding
to rAB-containing DNA (H.M.N. and G.L.V., unpub-
lished results). Together, these data provide compelling
evidence that Ogg1 contains the key catalytic HhH-GPD
motif and is therefore a member of the endo III/AlkA
structural class of base-excision DNA repair proteins. 
The HhH-GPD motif can be identified in a wide range of
base-excision DNA repair proteins that process such
diverse lesions as fragmented and oxidized pyrimidines,
oxidized purines, UV-crosslinked bases and mismatched
base-pairs (Fig. 8). These proteins thus define a superfam-
ily of DNA repair enzymes that share a common fold and
active site motif, but differ in their substrate specificity
and mode of action.
Materials and methods
Oligonucleotide duplex substrates/competitors
All oligonucleotides were synthesized by b-cyanoethyl solid-phase chemistry
on a 1 mmole scale using an ABI model 392 DNA synthesizer, and were puri-
fied by 20 % denaturing PAGE. Full-length DNA was eluted from the acry-
lamide gel by crushing and soaking in 1 M triethylammonium bicarbonate,
pH 7, followed by C18 Sep-Pak concentration/desalting. Concentrations were
determined by A260 quantitation, and radiolabeling reactions were performed
with T4 polynucleotide kinase (New England Biolabs) and g32P ATP. Unincor-
porated radionucleotides were removed using Sephadex G-50 spin columns
(ProbeQuant G-50, Pharmacia). Duplexes were prepared by annealing with a
50-fold molar excess of the complementary strand in 1× TE/100 mM NaCl.
The radiolabeled strand of each duplex is the top strand as shown below.
11. 8-oxodG:dA 5′ GGA TAG TGT CCA OG GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT A CAA TGA GCT TCG 5′
12. 8-oxodG:dC 5′ GGA TAG TGT CCA OG GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT C CAA TGA GCT TCG 5′
13. 8-oxodG:dG 5′ GGA TAG TGT CCA OG GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT G CAA TGA GCT TCG 5′
14.  8-oxodG:T 5′ GGA TAG TGT CCA OG GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT T CAA TGA GCT TCG 5′
15.  8-oxodA:T 5′ GGA TAG TGT CCA OA GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT T CAA TGA GCT TCG 5′
16. 1,N6εdA:T 5′ GGA TAG TGT CCA eA GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT T CAA TGA GCT TCG 5′
17. dG:dC 5′ GTG AAC CTG AGC G TAG CTC AGT AAC 3′
3′ CAC TTG GAC TCG C ATC GAG TCA TTG 5′
18. rAB:dC 5′ GTG AAC CTG AGC rAB TAG CTC AGT AAC 3′
3′ CAC TTG GAC TCG  C  ATC GAG TCA TTG 5′
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Figure 8
(a) Schematic representation of the HhH-
GPD motif. (b) Amino-acid sequence
alignment suggests that the yeast oG:C
glycosylase/lyase Ogg1 belongs to a
structural superfamily of base-excision DNA
repair proteins, the signature of which is the
active-site HhH-GPD motif. Note the
absolutely conserved Asp residue (red), which
is believed to activate the catalytic nucleophile
that participates in breakage of the glycosidic
bond. All sequences were retrieved from
Genbank. Abbreviations: Sce,
Saccharomyces cerevisiae; Eco, Escherichia
coli; Bsu, Bacillus subtilis; Hin, Haemophilus
influenzae; Cel, Caernorhabditis elegans;
Mlu, Micrococcus luteus; Sty, Salmonella
typhimurium; Spo, Schizosaccharomyces
pombe; Mth, Methanobacterium
thermoformicicum.
Sce  Ogg1  REHLMS YNGVG PKVADCVCLMG  LHMD-GIVPV D VHV
Eco  Endo3 RAALEA LPGVG RKTANVVLNTA  FGW--PTIA V D THI
Bsu  Endo3  RDELVK LPGVG RKTANVVVSVA  FG--VPAIA V D THV
Hin  Endo3  REALEA LAGVG RKTANVVLNTA  FG--HPTIA V D THI
Cel  Endo3  LDGLCA LPGVG PKMANLVMQIA  WGECVG-IA V D THV
Mlu  UVen  LEDLVA LPGVG RKTAFVVLGNA  FGQPG--IT V D THF
Eco  MutY   FEEVAA LPGVG RSTAGAILSLS  LGKHF--PIL D GNV
Hin  MutY   FEQVWA LSGVG RSTAGAILSSV  LNQPY--PIL D GNV
Sty  MutY  FAEIAA LPGVG RSTAGAILSLA  LGKHY--PIL D GNV
Spo  MutY  DEW  IPGVG PYTAGAVLSIA  WKQPT--GIV D GNV
Eco  AlkA   MKTLQT FPGIG RWTANYFALRG  WQAKDVFLPD D YLI
Bsu  AlkA  EKNLIK IRGIG PWTANYVLMRC  LRFPTAFPID D VGL
Sce  MAG    ESLVTN VKGIG PWSAKMFLISG  LKRMDVFAPE D LGI
Mth  GTmr   RKAILD LPGVG KYTCAAVMCLA  FGKKAA--MV D ANF
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19. THF 5′ GGA TAG TGT CCA THF GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT  T  CAA TGA GCT TCG 5′
20. Pyrrolidine: 5′ GGA TAG TGT CCA Pyr GTT ACT CGA AGC 3′
3′ CCT ATC ACA GGT  T  CAA TGA GCT TCG 5′
Phosphoramidites of 8-oxo-dG [39,40], 8-oxo-dA [41], 1,N6edA [42], THF [33],
and Pyr [34] monomers were synthesized according to published procedures.
The reduced abasic site (rAB) phosphoramidite was synthesized by an unpub-
lished procedure (H.M.N., J.-Y. Ortholand and G.L.V., unpublished results).
Construction of the substrate-mimetic reduced abasic site
(rAB) DNA affinity column
The rAB DNA affinity column was constructed using the general approach of
Larson and Verdine [43]. A 29 base-pair oligonucleotide duplex, 19, contain-
ing a central reduced abasic site (rAB) moiety was synthesized by standard b-
cyanoethyl solid-phase chemistry on a 10 mmol scale. The reduced abasic site
was generated by the incorporation of a dibenzoyl-protected phosphoramidite
monomer, which upon standard NH4OH deprotection yields the rAB diol
(H.M.N., J.-Y. Ortholand and G.L.V., unpublished results). The 5′ ends of each
strand were chemically phosphorylated using the 5′ Phosphate-ON phospho-
ramidite (Clontech). An N6-aminobutane tether was incorporated into the
penultimate dA base of the complementary (bottom) strand via the convertible
nucleoside O6-phenyl-2′-deoxyinosine (Ψ below) [44].
21. 5′ pGATC ACG CAC CTG ACC rAB TAG CTC AGT GGC 3′
3′ TGC GTG GAC TGG  C  ATC GTG TCA CCG CTYGp 5′
After deprotection and aminobutane tether incorporation, both oligonu-
cleotides were purified by 20 % denaturing gel electrophoresis. The purified
DNA strands (1 nmol each) were desalted by C18 Sep-Pak, annealed, and
ligated with T4 DNA Ligase (20 000 U, New England Biolabs) according to
the manufacturer’s protocol. This ligated duplex was deproteinized by phenol
extraction and ethanol precipitation, after which it was coupled at room tem-
perature to a 1 mL NHS-activated Hi-Trap Sepharose column (Pharmacia) as
per the manufacturer’s protocol. The final derivatized yield per column was
estimated to be 250 nmols per mL.
Purification of the 43 kDa yeast 8-oxo-dG:dC DNA
glycosylase/lyase (YM9958.02/Ogg1)
Whole cell extracts were prepared from an amino-terminal acetylase-deficient
and protease-deficient (ard1D/pep4D) strain of S. cerevisiae (G. Fink, personal
communication); a typical preparation started with 500–1000 g wet weight of
cells. Yeast cells were grown in YPD media to an O.D.600 = 1.5–2, concentrated
by centrifugation at 4 °C, washed briefly in ice-cold distilled water, and recen-
trifuged at 4 °C. The washed and concentrated yeast paste was poured into
liquid nitrogen to yield a frozen, popcorn-like solid. The mixture of frozen yeast
and liquid nitrogen was immediately transferred to a pre-chilled (4 °C) Waring
blender and pulverized in 3 × 2 min grinds at the highest speed setting. The
resulting frozen yeast powder was transferred to a plastic beaker and mixed with
two volumes (relative to the initial cell volume) of ice-cold lysis buffer (20 mM
Tris, pH 7.5, 0.4 M NH4SO4, 7.5 % glycerol, 1 mM DTT, 1 mM PMSF, 100 mM
benzamidine, 0.5 mg mL–1 leupeptin, 2 mg mL–1 aprotinin, 1 mg mL–1 pepstatin
A); mixing was effected by moderate manual and magnetic stirring at 4 °C until a
homogeneous solution was obtained. The crude lysate was clarified by centrifu-
gation at 6 000 × g, 4 °C, for 30 min. The lysis supernatant was treated in a
batchwise fashion with DEAE cellulose (dry volume = 1/50 lysate volume) at
4 °C with gentle magnetic stirring for 1 h. The DEAE resin was removed by cen-
trifugation at 6 000 × g, 4 °C, for 30 min, and the DEAE supernatant was diluted,
with moderate magnetic stirring, with two volumes of ice-cold 0-salt Buffer A
(20 mM Tris, pH 7.5, 5 mM EDTA, 10 mM b-mercaptoethanol, 5 % glycerol, 1
mM PMSF). This extract was applied to an S-Sepharose column (3 cm × 60 cm;
pre-equilibrated with 0-salt Buffer A) at a rate of 3 ml per min. The column was
washed with 4 column volumes (1200 mL) of 0-salt Buffer A, and the bound pro-
teins were eluted with a 2000 mL gradient of 0-1M KCl. Fractions were assayed
for the presence of OG:C DNA glycosylase/lyase activity by reaction with radiola-
beled OG:C DNA plus NaBH4 (vide infra).
S-Sepharose fractions containing the majority of the NaBH4-trapped activity
were pooled and concentrated 5-fold by a 10 kDa MW-cutoff stirred ultrafiltra-
tion cell (Amicon). This concentrated protein (10 mL) was diluted 5-fold with 0-
salt Buffer A to yield a final KCl concentration of approximately 100 mM. After
centrifugation at 5 000 × g (4 °C, 30 min), supercoiled plasmid DNA was added
to the clarified supernatant to a final concentration of 0.5 mg mL–1. This solution
was briefly clarified by centrifugation and applied via superloop (Pharmacia) to a
1 mL HiTrap Sepharose column (Pharmacia) derivatized with 250 nmols of the
rAB DNA. Bound proteins were eluted with a 25 mL gradient of
100 mM–750 mM KCl, followed by a 5 mL gradient of 750–2000 mM KCl and
a final 5 mL isocratic elution at 2 M KCl. All fractions (1 mL) were collected in
siliconized glass test tubes, and were assayed for OG:C glycosylase/lyase activ-
ity by NaBH4 trapping with a radiolabeled substrate (vide infra). The activity
was observed to elute between 750 mM and 2000 mM KCl.
rAB affinity column fractions containing the majority of the OG:C DNA glycosy-
lase/lyase activity, as determined by NaBH4 trapping, were pooled, concentrated,
and desalted by Centricon-10 ultrafiltration (Amicon). The concentrated/desalted
retentate was transferred to a siliconized eppendorf tube and polypeptides
bound to the membrane were eluted with 2 × 100 mL of boiling 1× SDS-PAGE
loading dye (1× SDS loading dye = 62.5 mM Tris, pH 6.5, 10 % glycerol, 2.3 %
SDS, and 700 mM b-mercaptoethanol). The retentate and loading dye elutions
were pooled and loaded in one well of a 0.75 mm 15 % 37.5:1 SDS gel along-
side prestained molecular weight standards (data not shown). The gel was run at
25 mA for 6.5 h, fixed with 10 % MeOH/5 % AcOH, and stained with coomassie
R-250. Two distinct polypeptides of approximately 40–45 kDa molecular weight
were excised and digested in-gel with Achromobacter lysyl endopeptidase (API,
Wako), essentially as described by Hellman et al. [45], except that Tween 20 was
omitted. Protein concentration was estimated by coomassie R-250 staining to be
10–20 pmols of each polypeptide.
Active fractions from the rAB affinity column were split into two equal batches,
one of which was treated with 50 mM NaCNBH3, and the other of which was
treated with 50 mM NaCNBH3 plus 100 pmols of non-radiolabeled OG:C
duplex, 10. The reactions were performed for 1 h at room temperature in sili-
conized glass test tubes with 50 mM Tris, 7.5 and 2 mM EDTA as a reaction
buffer. Both samples were concentrated, desalted, and subject to SDS-PAGE
as described above. A silver stained image of the gel containing 1/10 of each
sample is shown in Figure 4. The remaining 9/10 of each sample were loaded
in single lanes of a 0.75 mm 15 % 37.5:1 SDS gel alongside prestained mole-
cular weight standards (data not shown). The gel was run at 25 mA for 6.5 h,
fixed with 10 % MeOH/5 % AcOH, and stained with coomassie R-250. Bands
corresponding to the untrapped and trapped polypeptides were excised and
digested in-gel with Achromobacter lysyl endopeptidase [45]. Protein concen-
tration was estimated by coomassie R-250 staining to be approximately
1 pmol of each polypeptide.
Peptide sequencing by microcapillary HPLC with electrospray
ionization triple quadrupole mass spectrometry
The direct sequence analysis of peptides in complex mixtures by triple quadru-
pole mass spectrometry was performed according to Hunt et al. [46]. Mass
spectra were recorded on a Finnigan MAT TSQ7000 equipped with a Finnigan
MAT electrospray ionization source. Aliquots of each in-gel digestion mixture
were introduced directly into the electrospray source by a reverse phase micro-
capillary column (75 mm ID × 180 mm OD, SGE), packed in-house with POROS
10R2 reverse-phase material (Perseptive Biosystems). Peptides were eluted
from the column into the mass spectrometer with a linear gradient of 0–80 %
acetonitrile in 0.1 M acetic acid at a flow rate of 0.5 mL min–1. Ionization was
assisted with a coaxial sheath liquid of 70 % methanol/0.12 % acetic acid.
The TSQ7000 was operated in two different scan modes: full scan MS mode
to obtain molecular weight and charge state information, and MS/MS mode to
obtain sequence information. For full scan MS, the mass range of 300–1800 u
was scanned every 1.7 sec. A 10 % aliquot of each peptide mixture was ana-
lyzed in this mode to identify candidates for sequencing. Direct sequence
information on the peptide was obtained by collision induced dissociation
(CID) from the minimum aliquot of the remaining digestion mixtures to obtain
high quality spectra. The mass range from 50 u to the molecular mass of the
peptide of interest was scanned at a rate of 500 u sec–1. MS/MS spectra were
manually interpreted. The database searching algorithm SEQUEST [47] was
also used to facilitate interpretation of MS/MS spectra.
Cloning, overexpression and purification of recombinant Ogg1
protein
Ogg1 protein was cloned and overexpressed in E. coli using the expression-
cassette PCR approach [48]. Briefly, the coding sequence was PCR amplified
from whole yeast genomic DNA (strain YPH 252) with Deep Vent DNA poly-
merase (New England Biolabs) and DNA primers 22 and 23 as per the manu-
facturer’s suggested protocol. The amino-terminal primer 22 was equipped
with an EcoRI site (italics) and a ribosome binding site (underlined) upstream
of the start codon (bold). The carboxy-terminal primer 21 was equipped with a
HindIII site (italics) immediately after the stop codon (bold).
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22. 5′ TAG GGC GAA TTC AAG GAG ATA TAC CAT GTC TTA TAA ATT 
CGG CAA ACT TGC C 3′
23. 5′ TCT AGG CAA AGC TTT TAA TCT ATT TTT GCT TCT TTG ATG 
TGA AGA TC 3′
The amplified OGG1 gene was cloned into the bacterial phagemid expres-
sion vector pLM1 [49] as an EcoRI/HindIII cassette, and positive clones
were transformed into BL21(DE3) pLysS cells (Novagen) and assayed by
NaBH4 trapping for the ability to inducibly express the 43 kDa Ogg1 protein.
Protein was isolated from a 500 mL culture of one clone, induced at
O.D.600 = 0.7 with 0.25 mM IPTG. Induced growth was continued in the
presence of 50 mM ZnCl2 at 30 °C for 4 h. The cell pellet was resuspended
in two volumes of 0.4 M NH4SO4 buffer A and the cells were lysed by
French press. After centrifugation at 4 °C, the clarified supernatant was
treated batchwise with 1/50 volume DEAE cellulose to remove nucleic
acids, and the DEAE supernatant was diluted three-fold with 0 salt buffer A.
This diluted supernatant was applied to a 1 mL MonoS column and bound
proteins were eluted with a 30 mL gradient of 0–750 mM KCl in buffer A.
Fractions were collected in siliconized glass test tubes and assayed by
SDS-PAGE and NaBH4 trapping. Contaminating E. coli MutM activity was
removed from Ogg1-containing fractions by passage through a 1,3-propane-
diol DNA affinity column; 1,3-propane-diol-containing DNA is a sub-nanomo-
lar inhibitor for E. coli MutM but exhibits no specific binding to the yeast
Ogg1 protein (H.M.N., unpublished observations). The 1,3-propane-diol
affinity column flow-through was judged to be free of contaminating E. coli
MutM activity by NaBH4 trapping (the MutM and Ogg1 trapped protein-DNA
complexes are easily resolved by SDS-PAGE, as seen in Fig. 6a). The
protein was supplemented with 10 mM BSA, concentrated 80-fold by Cen-
tricon-10 ultrafiltration, and stored frozen in small aliquots at –78 °C. Protein
for DNA trapping and cleavage experiments was thawed at 4 °C immediately
prior to use.
Purification of the E. coli MutM protein
E. coli MutM protein was overproduced in BL21(DE3) cells (Novagen) using
the overexpression vector pLM1 [49] into which was inserted the PCR-ampli-
fied coding sequence of the E. coli mutM gene [50]. Briefly, cells were induced
at O.D.600 = 0.7 with 0.3 mM IPTG and grown at 37 °C in the presence of
50 mM ZnCl2 for 5 h. The cell pellet was lysed by French press in 0.25 M KCl
lysis buffer at 4 °C , nucleic acids were removed by 0.2 % PEI precipitation at
4 °C, and the protein supernatant was concentrated by 55 % NH4SO4 precipi-
tation at 4 °C. The NH4SO4 pellet was redissolved in 0 salt Buffer A and the
MutM protein was purified by MonoS FPLC chromatography. SDS-PAGE of
the fraction containing the majority of the eluted MutM protein showed it to be
essentially free of contaminating proteins (as visualized by coomassie stain).
Targeted deletion of the OGG1 gene
An OGG1– yeast strain was constructed using the general protocol outlined by
Baudin et al. [51]. Two PCR primers, 24 and 25, were synthesized to possess
45 bases homologous to the amino and carboxy termini of the OGG1 gene at
their 5′ ends, and 17 bases homologous to the HIS3 gene at their 3′ ends.
24. 5′ ATG TCT TAT AAA TTC GGC AAA CTT GCC ATT AAT AAA AGT
GAG CTA CTC TTG GCC TCC TCT AG 3′
25. 5′ CTA ATC TAT TTT TGC TTC TTT GAT GTG AAG ATC AGA CAA 
TTC AAC TCG TTC AGA ATG ACA CG 3′
PCR amplification with 24 and 25 as the primers and a HIS3-containing
plasmid as the template yielded a 1100 bp DNA cassette, which was subse-
quently transformed into the yeast strain FY250 (MATa, URA3-52,
HIS3D200, LEU2D1, TRP1D63; gift of M. Ptashne) by the standard lithium
acetate technique [52]. Transformants which grew on His– plates were
assayed for the desired recombination by a combined PCR/restriction diges-
tion analysis. The OGG1– strain is designated HMN250.
Isolation of whole yeast cell protein extracts
Whole cell extracts from wild-type FY250 and HMN250 (OGG1–) yeast
strains were prepared from 500 mL cultures (O.D.600 = 2) by glass bead dis-
ruption in 0.4 M NH4SO4 lysis buffer [52]. These extracts were treated batch-
wise with 1/50 vol DEAE cellulose, and the resulting supernatants were
diluted with 0 salt buffer A to a final NH4SO4 concentration of approximately
100 mM. The diluted extracts were concentrated 75-fold by Centricon-10
ultrafiltration and stored in small aliquots at –78 °C. Protein concentrations
were normalized by Bradford assay, and aliquots were thawed at 4 °C immedi-
ately prior to use in cleavage and trapping reactions.
DNA cleavage assays
DNA cleavage reactions were performed in 30 mL volumes in siliconized micro-
centrifuge tubes at 30 °C. The final concentrations in all reactions were: 50 mM
Tris, pH 7.5, 2 mM EDTA, 50 mM NaCl, and 1 nM radiolabeled OG:N 25-mer
oligonucleotide duplexes 11–14. Cleavage reactions contained 1 mL of con-
centrated recombinant Ogg1 protein or 4 mL whole yeast cell extract (protein
concentrations were normalized by Bradford assay), and were performed for
15 min (30 °C) before termination with 3 mL stop solution (2 M NaOAc,
1 mg mL–1 salmon sperm DNA) and ethanol precipitation. Precipitated DNA
was air-dried and redissolved with heating at 75 °C for 5 min in 20 mL 80 %
formamide/1× TBE loading dye. 5 mL of each sample was loaded onto a prerun,
0.75 mm, 20 % 19:1 denaturing acrylamide gel, with unreacted DNA included
as a control. Gels were run at 300 V for 3 h, and the wet gels were wrapped in
saran wrap and exposed at room temperature to film (Kodak BioMax MR) and to
a phosphorimaging plate (Fuji BAS1000). The gel figures presented herein
were initially obtained as autoradiograms, scanned using a LACIE Silverscanner
III digital scanner, then imported into Adobe Photoshop 3.0 for captioning.
Cleavage percentages were determined by phosphorimager quantitation.
DNA trapping assays with NaBH4
DNA trapping reactions were performed in a 30 mL volume in siliconized
microcentrifuge tubes at either 30 °C (Ogg1 protein and whole yeast cell
extract) or 37 °C (E. coli MutM). The final concentrations in all reactions were:
50 mM Tris, pH 7.5, 2 mM EDTA, 50 mM NaBH4, and 1 nM radiolabeled OG:N
25-mer oligonucleotide duplexes 11–14. 30 ng of E. coli MutM was added to
the bacterial trapping reaction, and the reaction was incubated for 15 min
(37 °C) before termination with 1× SDS loading dye at 95 °C for 5 min. Yeast
trapping reactions contained 1 mL of concentrated recombinant Ogg1 protein
or 4 mL of whole yeast cell extract (protein concentrations were normalized by
Bradford assay), and were incubated for 15 min (30 °C) before termination in
1× SDS loading buffer at 95 °C for 5 min. Competition trapping reactions were
performed by a 10 min, room temperature, preincubation of the Ogg1 protein
with a 100-fold molar excess of nonradioactive duplex competitor, followed by
the addition of the radiolabeled OG:C duplex 12 and NaBH4. The reactions
were continued for 15 min at 30 °C before termination in 1× SDS loading dye
at 95 °C for 5 min. 15 mL of each terminated DNA trapping reaction was
loaded on 0.75 mm, 20 % 200:1 acrylamide:bis-acrylamide, 0.1 % SDS, 10 %
glycerol, SDS-PAGE gels. Gels were run at a constant 25 mA for 2.5 hours,
and were fixed for 15 min at room temperature in 10 % methanol/5 % acetic
acid. Fixed gels were dried for 1.5 h and exposed to film (Kodak BioMax MR)
and to a phosphorimaging plate (Fuji BAS1000). The gel figures presented
herein were initially obtained as autoradiograms, scanned using a LACIE Sil-
verscanner III digital scanner, then imported into Adobe Photoshop 3.0 for
captioning. Relative trapping efficiencies were quantified by phosphorimager
quantitation. 14C molecular weight markers were from Life Technologies.
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